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Objectives: To characterize the chromosome-encoded Metallo-β-Lactamase (MBL) from the 13 
psychrophilic, marine fish-pathogenic bacterium Aliivibrio salmonicida LFI1238 and check 14 
for the presence of the gene in other Aliivibrio isolates both connected to the fish farming 15 
industry and from the environment. 16 
 17 
Methods: The MBL gene was cloned and intracellularly expressed in Escherichia coli. 18 
Kinetic parameters, NaCl dependence, pH optimum and temperature optimum were 19 
determined using purified enzyme. The VIM-2 enzyme from a Pseudomonas aeruginosa 20 
hospital isolate was used as a counterpart in comparative analysis. PCR with degenerate MBL 21 
primers were used to screen different A. salmonicida isolates for the presence of the gene. 22 
 23 
Results: A. salmonicida MBL (ALI-1) is an Ambler class B β-lactamase sharing 39% and 24 
29% amino acid identity with IMP-1 and VIM-2, respectively. ALI-1 hydrolyzed all β-lactam 25 
antibiotics, except from the monobactam aztreonam and the penicillin piperacillin. A 26 
profound increase in activity was observed when adding NaCl to the assay mix (60% active 27 
without addition of NaCl, increasing to 100% at 0.5M NaCl). The increase was less noticeable 28 
for VIM-2 (100% active at 0.2M NaCl). The ALI-1 appears to be ubiquitous in nature as it is 29 
found in Aliivibrio isolates not affected by human activity. 30 
 31 
Conclusions: This work provides more data in the ever-expanding MBL group of enzymes. 32 
These periplasmic enzymes are activated by addition of sodium chloride, and the marine 33 
enzyme is highly salt tolerant and cold active. The observed enzyme properties very likely 34 
reflect the conditions the enzymes face in-situ. 35 
 36 
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Introduction  42 
 43 
Metallo-β-lactamases (MBLs) belong to the protein family of β-lactamases, a group of 44 
enzymes which deactivates β-lactam antibiotics by cleaving the amide bond in the β-lactam 45 
ring. MBLs are considered a major cause of bacterial resistance towards β-lactam antibiotics.1 46 
According to the Ambler molecular classification, MBL from Aliivibrio salmonicida (ALI-1) 47 
belongs into the molecular class B, subclass B1.2 Enzymes from the subclasses B1 and B3 48 
need two zincs bound for maximum activity, while B2-enzymes are inhibited if two zincs are 49 
bound to them.3 Active-site residues that are coordinating zinc ions are conserved among all 50 
three subclasses.4  51 
β-lactamase-induced antibiotic resistance, which is developing into a serious threat in 52 
recent years, is thought to be mostly induced by man’s thoughtless use of antibiotics. The 53 
most common way of transferring antibiotic resistance in bacteria is through horizontal 54 
transfer of a plasmid between different bacterial species,5 but the origin of β-lactamases is still 55 
not well known. First and foremost, it is reasonable to suppose that the β-lactamases were 56 
originally important in fighting for the natural habitat amongst bacteria. β-lactamase 57 
production can be seen as a response to the different organism’s capability of producing 58 
antibiotics. For example in an Alaskan environment, where no human antibiotic pressure has 59 
been applied, a diverse set of lactamases have been found and also other substrates than the β-60 
lactam ring were suggested as substrates for these β-lactamases.6 In addition, there have also 61 
been found many different freshwater species of enterobacteria with a broad spectrum of 62 
resistance with no apparent connection to human activities.7 This indicates that human 63 
antibiotic overuse is perhaps not the only reason for antibiotic multi-resistance found in 64 
bacteria. A possible hypothesis for finding resistance to antibiotics in natural bacterial 65 
colonies could be that the resistance functions as a regulator of quorum sensing. It has been 66 
suggested that antibiotics are used to communicate between bacteria, which could mean that, 67 
for instance, the role of β-lactamases is to adjust quorum sensing signals.8 68 
The MBL studied in this article originates from Aliivibrio salmonicida, a Gram 69 
negative, motile and rod-shaped bacteria, previously known as Vibrio salmonicida.9 It locates 70 
to the marine environment and is often associated with fish; some species have been regarded 71 
as pathogens of marine animals as for example the causative agent of the so-called Hitra-72 
disease or cold-water vibrosis.10 73 
Organisms are generally adapted to their surroundings, and there are numerous 74 
organisms that have adapted to life under cold conditions. On the molecular level, these 75 
adaptations can result in increased specific activity of enzymes at low temperatures, which is 76 
usually associated with higher flexibility and lower stability.11-14 The marine environment, 77 
where A. salmonicida resides, is quite hostile in terms of low temperature and high salt 78 
concentrations. This will potentially also effect ALI-1 as it locates to the periplasm. In this 79 
study, we have investigated whether ALI-1 is affected by its surroundings and further have 80 










Materials and methods 91 
 92 
Bacterial strains 93 
The bacterial strains used in the study were Aliivibrio salmonicida LFI123815 from which the 94 
gene encoding ALI-1 was amplified, A. salmonicida isolates originating from different 95 
disease outbreaks in the fish farming industry and environmental Aliivibrio isolates from the 96 
Barents Sea. Escherichia coli Rosetta2 pLysS (Novagen) was used for recombinant protein 97 
expression.  98 
 99 
Cloning, expression and purification of ALI-1 100 
The gene encoding ALI-1 was amplified from A. salmonicida LFI1238 and cloned into the 101 
expression vector pET26b(+) containing a T7 promoter using standard molecular biology 102 
techniques. The gene was cloned without its N-terminal periplasmic signal peptide and with 103 
six histidines added in the N-terminus.  104 
The cells were grown in 250 mL cultures of Lysogeny broth (LB) and protein expression was 105 
induced with IPTG (Takara Bio, Otsu Japan) at a final concentration of 0.5 mM. Following 106 
overnight expression of protein at 20°C, the cells were harvested by centrifugation at 6000 107 
rpm for 25 min and at 4°C. The supernatant was discarded and each pellet was resuspended in 108 
30 mL of lysis buffer (50 mM Tris, 250 mM NaCl, 5 mM β-mercaptoethanol, 10 mM 109 
Imidazole and 0.1 mM ZnCl2 at pH 7.5) also containing 1 tablet of protease inhibitor cocktail 110 
(Roche, Germany) and DNaseI (Sigma Aldrich). The cells were disrupted by sonication, and 111 
centrifuged at 9000 g for 30 min at 4°C after which the supernatant was used further in 112 
purification. The purification was done on an ÄKTA purifier (GE healthcare) using a 5 mL 113 
HisTrap crude FF column. The protein was eluted with buffer containing 50 mM Tris, 0.1 114 
mM ZnCl2, 250 mM NaCl and 500 mM Imidazole at a pH 7.5. 115 
 116 
Biochemical characterization 117 
 118 
pH, NaCl and temperature optimum  119 
The appropriate wavelengths for quantifying the substrate, nitrocefin, as well as the product 120 
were found by comparing wavelengths as previously described,16,17 and by making 121 
experimental measurements of the absorbance spectra of the compounds. All measurements 122 
were done using a Spectramax M2e (Molecular devices, Sunnyvale California USA). 123 
The optimal pH for MBL was identified using HEPES buffer in the pH range 6.5-8.5. The 124 
experiments were done in a reaction mixture containing 500 mM NaCl, 0.2 mM nitrocefin, 50 125 
mM HEPES with varying pH and 100 µM ZnCl2 at room temperature (22°C). 126 
The search for the optimal concentration of NaCl for MBL activity was performed in a 127 
reaction mixture with 25 µM ZnCl2, 10 mM Tris, 0.2 mM nitrocefin at pH 7.5 and at 37°C. 128 
The enzyme was incubated in reaction mixture at 37°C for 5 min prior to adding substrate. 129 
For investigation of temperature optimum, the reaction mixture was made of these 130 
components: 0.2 mM nitrocefin, 25 mM HEPES at pH 7.5, 200 µM ZnCl2 with concentrations 131 
of NaCl at 0, 200 and 500 mM. The experiments were carried out having the reaction mixture 132 
preincubated at the intended temperature before adding enzyme. After 10 min, the reaction 133 
was stopped by adding a surplus of EDTA and incubating the mixture on ice before 134 
measuring its endpoint activity by the spectrophotometer. 135 
The blanks had the same components as the reaction mixture but without enzyme. From these 136 
measurements an assumption of the stability of the substrate was found. 137 
      138 
 139 
Zinc-influence 140 
The reaction mixture used when testing zinc-influence was 500 mM NaCl, 10 mM Tris, 0.2 141 
mM nitrocefin at pH 7.5 and at a temperature of 37°C, where the enzyme was incubated for 5 142 
min in the reaction mixture at 37°C. The zinc concentrations tested were 100 µM and 5 mM. 143 
 144 
Reducing agents 145 
To observe the influence of reducing agents on the enzymatic activity, 5 mM of β-146 
mercaptoethanol, DTT (Dithiothreitol) or TCEP (Tris(2-carboxyethyl)phosphine HCl) was 147 
added to a reaction mixture containing 500 mM NaCl, 10 mM Tris, 25 µM ZnCl2 and 10 µL 148 
20 µG/mL ALI-1, pH 7.5 at 37°C. The reaction mixture was equilibrated for 5 min at 37°C 149 
before starting the reaction by adding 0.2 mM nitrocefin. 150 
 151 
Kinetics 152 
The different substrates were dissolved in a solution of 50 mM HEPES, pH 7.2 and 100 µM 153 
ZnCl2. The substrate concentration of this stock solution was decided using the 154 
spectrophotometer and extinction coefficient of each substrate. Based on the concentration of 155 
the stock solution, the solutions for the kinetic analysis were made in the range of 2-1,000 156 
µM. The kinetic analysis was performed in a reaction mixture containing 50 mM HEPES, pH 157 
7.2 and 100 µM ZnCl2 and measured on a SpectraMax using 96-well falcon UV microplates 158 
(BD Biosciences, USA) on all substrates, except for nitrocefin, where the 96-well flat-bottom, 159 
non-binding-surface plates (Corning, Edison, New Jersey USA) were used. The reaction 160 
mixture was pre-incubated for 5 min at 30°C. The extinction coefficients, wavelengths and 161 
also plate specific extinction coefficients were calculated. 162 
The results of the kinetic analysis were processed in Microsoft Excel using solver, an 163 
algorithm that can be used for non-linear regression.18  164 
 165 
Screening of Aliivibrio strains by PCR 166 
 167 
The degenerate primers MBL-F1 (CAYTTTCATGAAGAYCAAAC) and MBL-R1 168 
(GCAYCACCWGTCCASCCAAT) were constructed based on a selection of MBL nucleotide 169 
sequences from Vibrionaceae and used in order to screen Aliivibrio isolates from the Barents 170 
Sea. If positive, a PCR product of about 300 nucleotide length should be formed. The 171 
chemicals used were; dNTP mix F-560 (Thermo Scientific, Rockford USA), Taq polymerase 172 
(VWR, Dublin Ireland) and Thermo Pol buffer (New England Biolabs, Ipswich USA). The 173 
PCR products were verified by electrophoresis in 1% agarose gel and by sequencing using 174 
BigDye 3.1 Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).  175 
 176 
Results 177 
  178 
Cloning, expression and purification of ALI-1 179 
 180 
The gene encoding ALI-1 was successfully cloned into the expression vector and the protein 181 
was overexpressed. After optimization of the purification protocol, pure protein was obtained 182 
(figure 1.). The presence of ALI-1 in the collected fractions was indicated using nitrocefin and 183 
verified using other substrates (table 1). 184 
 185 
Zinc influence  186 
Zinc is crucial to ALI-1 function, as the enzyme is inactive without Zn2+ bound to it. This is 187 
verified in the temperature experiments when a surplus of EDTA is added to the reaction 188 
mixture and stops the hydrolysis reaction, as have been shown also for other MBLs.19 The 189 
zinc concentration appears to have no further impact on the activity as long as the minimum 190 
concentration of zinc is present.20  191 
 192 
Reducing agents  193 
In the presence of the reducing agents DTT and β-mercaptoethanol, the activity of ALI-1 is 194 
somewhat lowered, whereas when TCEP is added, the activity of the enzyme is completely 195 
abolished (data not shown). 196 
 197 
pH optimum  198 
ALI-1 is active over a broad pH range (data not shown). Compared to the pH in coastal water 199 
(pH 8.0-8.3), ALI-1 is expected to have its optimal activity in this range. Although the 200 
original intention of the pH screening was to test the activity at even higher pH than presented 201 
in this study, nitrocefin was noticed not to be stable at high pH and some buffers destabilized 202 
nitrocefin more than others. At higher pH the autohydrolysis of nitrocefin (i.e. nitrocefin is 203 
broken down without enzyme present) is increased, but only when Tris was used as buffer. 204 
This effect has also been observed in other studies.21 Both the concentration of Tris and pH of 205 
the solution were found to influence the autohydrolysing effect of nitrocefin.  At 20 mM Tris 206 
at pH 7.5 it was observed that after 5, 30 and 60 minutes respectively 3%, 6% and 11% of the 207 
substrate was autohydrolysed. When having very high concentration of Tris, i.e. 1 M at pH 208 
7.5, it was observed that after 5, 30, and 60 minutes respectively 6%, 15% and 29% of the 209 
substrate was autohydrolysed. After 15 minutes in a solution with 20 mM Tris at pH 9.0 it 210 
was observed that 33% of the substrate was autohydrolysed. Because of this observed effect 211 
the autohydrolysing effect was corrected for when Tris buffer was used. When nitrocefin is 212 
present in HEPES buffer no autohydrolysis is observed except to a slight degree after 213 
prolonged incubation (two hours) at pH>8.  214 
 215 
 216 
NaCl and temperature optimum  217 
As ALI-1 originates from a bacterium which thrives in the sea, it is interesting to investigate 218 
how the protein is adapted to salt and low temperatures. As can be seen from figure 2, the salt 219 
optimum for ALI-1 is 500 mM NaCl. This is expected since the enzyme is excreted into the 220 
periplasm of a marine bacterium and knowing that this is approximately the same 221 
concentration as in seawater, but the enzyme is also highly active in the range of 0.5-2 M 222 
NaCl. Even at salt concentrations of around 2.5 M NaCl, the activity is still about 90% of its 223 
activity at the optimal concentration of NaCl.  224 
The optimal salt conditions for ALI-1 were further compared to the optimal salt conditions for 225 
VIM-2 from Pseudomonas aeruginosa, which is a bacterium shown to be pathogenic in 226 
humans.22 It can be observed from figure 2 that VIM-2 has an optimal activity at around 200 227 
mM NaCl, which is substantially lower than ALI-1. Furthermore, VIM-2 does not display the 228 
same extreme degree of salt tolerance as ALI-1, with the activity dropping faster and in a 229 
nearly linear fashion at salt concentrations above its optimum. 230 
 231 
In order to find the optimal temperature for each enzyme, reaction mixture were prepared for 232 
both ALI-1 and VIM-2 at 0.5 M and 0.2 M NaCl, respectively (optimum NaCl concentration 233 
for each enzyme). At both of these salt concentrations ALI-1 has a lower temperature 234 
optimum than VIM-2 (figure 3). These findings are not unexpected since ALI-1 originates 235 
from an environment that is characterized with low temperatures and high salt concentrations, 236 
while VIM-2, first identified in a human pathogen, is expected to be adapted to lower salt 237 
concentration and higher temperature. The amount of salt present has marked effects on the 238 
optimal temperature for enzymatic activity. This is seen both for VIM-2 and ALI-1 (figure 4A 239 
and B), where the temperature optimum is lowered by approximately 5-10 degrees when the 240 
salt concentration is reduced from 0.5 M to 0.2 M. VIM-2 has its highest measured relative 241 
activity at 40°C and 200 mM NaCl (figure 4A), which correlates well to the NaCl optimum of 242 
VIM-2 (figure 2). From figure 4B a reduction of overall activity of ALI-1 can be observed 243 
when lowering the salt concentration, which correlates well with the NaCl optimum of ALI-1 244 
shown in figure 2.  245 
Another point of interest is the stability of the substrate nitrocefin at higher temperatures. As 246 
seen in figure 3, nitrocefin decays at higher temperatures as it is being turned into product. 247 
The instability of nitrocefin is not a problem at temperatures ranging from 10°C to 60°C, while 248 
at higher temperatures it could have impact on the results. 249 
 250 
Kinetics  251 
 252 
Results from the kinetic study were compared to similar MBLs from functional group B1. The 253 
comparison focused on the acquired MBLs IMP-119 and VIM-2,22 because of their sequence 254 
similarity (figure 5) to ALI-1. ALI-1 hydrolyzed more or less all β-lactam antibiotics, except 255 
from the monobactam aztreonam and the penicillin piperacillin (see table 1).  256 
The catalytic efficiency of ALI-1 is generally poorer than the other enzymes, ranging from 257 
106 to 103 M-1*s-1, while for instance IMP-1 has a catalytic efficiency ranging from about 106 258 
to 105 M-1*s-1 for the same substrates.  259 
IMP-1 is the MBL with determined crystal structure which has the most similar amino acid 260 
sequence as ALI-1, but their kinetic constants are very different. Generally, ALI-1 has both 261 
higher KM and lower kcat than IMP-1.  262 
When comparing the catalytic efficiency for the different substrates, ALI-1 seem to have a 263 
better affinity for carbapenems than cephalosporins and cephamycins, in which cefuroxime is 264 
an exception. Nitrocefin is secluded from this comparison as it is made to be readily 265 
hydrolyzed. Piperacillin is a penicillin which is used as an extended spectrum antibiotic, 266 
which could explain ALI-1s apparent inability to hydrolyze penicillins in this study. As long 267 
as this is the only penicillin substrate in this study there is no definite conclusion to be made 268 
about ALI-1’s capability of hydrolyzing penicillins in general.  269 
The presence of 0.5M NaCl in the reaction mixture raised ALI-1’s catalytic efficiency for the 270 
hydrolysis of ertapenem. The improvement in the catalytic efficiency, when having salt 271 
present, is not caused by a rise in kcat, but rather a lowering (i.e. strengthening) of the enzyme 272 
affinity, KM (table 1). 273 
 274 
Screening of Aliivibrio strains by PCR 275 
 276 
Two of the PCR products obtained in the PCR screening of environmental Aliivibrio isolates 277 
(A)  and those obtained from screening Aliivibrio salmonicida strains associated with the fish 278 
farming industry (B) show a size of about 300 bp, which coincides with the expected product 279 
size the primers should generate (298 bp). We also observed some unspecific bands of higher 280 
mw from some of the environmental Aliivibrio isolates. The two positive PCR products from 281 




We have performed a comparative analysis of the properties belonging to a chromosome-286 
encoded marine MBL and compared those with the plasmid borne MBL (VIM-2) encoded by 287 
a human pathogen. The two enzymes originate from two profoundly differently adapted 288 
bacteria. A. salmonicida will secrete its MBL into a cold and salty environment, while VIM-2 289 
is meant to function under warmer and less salty conditions in body fluids. In previous work 290 
we have investigated how NaCl affected the properties of a secreted marine endonuclease 291 
from A. salmonicida.11 Here we show that also the ALI-1 is activated by NaCl up to 0.5M, 292 
approximately the same concentration as in seawater. The VIM-2 has a less salt- dependent 293 
activity, with NaCl optimum at 200 mM. The Michaelis constant (KM) and the turnover 294 
number (kcat) are affected by the NaCl concentration. The KM goes dramatically down when 295 
adding NaCl, and the kcat increases slightly. This is measured with ertapenem as a substrate, 296 
and the salt probably favours the substrate binding by increasing the hydrophobic interactions 297 
between substrate and enzyme, thereby lowering the KM. The detailed mechanism for an 298 
increased catalytic efficiency when adding NaCl remains to be explored. The effect of NaCl 299 
on the kinetic values is measured using only one substrate. It is possible that the ranking of 300 
which substrate is best (i.e. has the highest catalytic efficiency) might be different when 301 
assaying with NaCl in the buffer. 302 
 303 
The two enzymes also showed significant differences in optimal temperature for activity. The 304 
marine enzyme is more cold-active compared to VIM-2, showing increased activity at lower 305 
temperatures and a lower temperature optimum. This can be explained by a lower temperature 306 
stability which leads to a more rapid temperature-induced denaturation. NaCl is increasing the 307 
stability of both proteins probably by reducing repulsive interactions between charges on the 308 
surface and by strengthening the hydrophobic effect. This was clearly visible in our 309 
experiments as the optimum temperature for activity shifted several degrees when assaying 310 
with NaCl in the buffer (see e.g. figure 4). 311 
Orthologues of ALI-1 can be found in several other Aliivibrio, Vibrio and Photobacterium 312 
species as judged from online BLAST searches against the nucleotide databases at The 313 
National Center for Biotechnology Information, USA (NCBI). The gene resides on 314 
chromosome 1, and seems to be in a stable DNA region as based on the average GC-content 315 
and the function and conservation of the nearest neighbouring genes. It most probably has a 316 
long evolutionary history in these species and is not a result of a recent horizontal transfer. 317 
Our PCR screening (figure 6) also suggest that the gene is common in environmental isolates 318 
as well as in strains originating from the fish farming industry. 319 
 320 
The chromogenic substrate nitrocefin displayed low stability in buffers with Tris present. The 321 
auto-degradation of nitrocefin was proportional to the Tris concentration and more severe at 322 
higher pH. Also, the nitrocefin stays intact only up to about 65°C.  323 
 324 
The chosen expression construct with the N-terminal periplasmic signal replaced with six 325 
histidines proved to be a highly efficient method to produce fair quantities of pure protein. In 326 
ordinary LB-medium the yield is about 16 mG/L. Based on visualization of X-ray structures 327 
of related MBLs (e.g. pdb entry 1ddk) we believe that the histidine-tag will not interfere with 328 
active-site residues. 329 
 330 
When testing the effect of different reducing agents we observed that activity was lost using 5 331 
mM TCEP, but both β-mercaptoethanol and DTT at the same concentrations had nearly no 332 
effect. The ALI-1 contain only one cysteine which is thought to coordinate the second Zinc 333 
ion in the active site. It is reasonable to believe that only TCEP has a redox potential strong 334 
enough to reduce the thiolate (S-) to the sulfhydryl form (SH). The Zn2+ concentrations in 335 
these experiments were kept at 0.1 mM and we do not believe that the TCEP is capable of 336 
reducing Zn2+ to Zn or chelating Zn2+ and thereby abolishing the activity. TCEP is proposed 337 
as a treatment after botulinum toxin exposure as it reduces key disulphide bonds.24 At 1 mM, 338 
TCEP is not toxic to neuronal cells and therefore we suggest that TCEP in some cases could 339 
be used as a combinational treatment together with β-lactam antibiotics to evade the MBL 340 
activity of the pathogen. 341 
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Figure 1. SDS-PAGE gel picture from the His Trap purification of ALI-1. MW: molecular weight marker, (Mark12, Invitrogen); others: 413 




Figure 2. The salt optimum for ALI-1 and VIM-2. All residual activities are relative to the highest average activity for the respective enzyme. 418 
For ALI-1 the highest activity is at 0.5 M NaCl, while for VIM-2 it is at 0.2 M NaCl. The other measured NaCl concentrations are 0, 1, 1.5, 419 
2, 2.5, and 2.8 M. Other salt optimum trials for ALI-1 showed a good salt tolerance (approximately 80%) up to 3.5 M NaCl (not shown). It is 420 
a clear difference between the psychrophilic, marine MBL and mesophilic, terrestrial MBL. At each salt concentration, the uncertainty is 421 
indicated as the range of activity measured. 422 
 423 
 424 
Figure 3. Comparison of temperature optimum for activity at 500 mM NaCl for ALI-1 and VIM-2 and also the temperature-dependent 425 
breakdown of nitrocefin. The activity was measured at the temperatures; 4, 10, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80 and 900C. All the 426 








































substrate stability measurements were relative to the maximum value of the ALI-1 series. The range of measured enzyme activities is 428 










A.      B. 439 
 440 
Figure 4. A. Comparing VIM-2 optimal temperature for activity under different NaCl concentrations. Activity was measured at the 441 
temperatures; 4, 10, 15, 20, 25, 30, 35, 40, 50, 60 and 700C. All measurements were made relative according to optimal temperature at 500 442 
mM NaCl. The range of measured enzyme activities is displayed by the antennas.  B.  The optimal temperature for ALI-1 activity at different 443 
concentrations of NaCl. The activity was measured at the temperatures; 4, 10, 20, 30, 35, 40, 45, 50, 60 and 700C. All measurements were 444 
made relative according to optimal temperature at 200 mM NaCl. The antenna at each measured temperature displays the range of enzyme 445 
activity measured. 446 
 447 
 448 
Figure 5. Protein alignment showing ALI-1 (acc. number YP_002262687), the VIM-2 MBL (acc. number ACT32123) and IMP-1 (acc. 449 
number GI:560552). The Zn-coordinating residues are indicated with filled (Zn1) and open (Zn2) star symbols, and the amino acid numbers, 450 
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 459 
Figure 6. Results from PCR screening using MBL-specific primers. Agarose gel showing PCR products from A. Environmentally derived 460 
Aliivibrio isolates originating from the Barents Sea, and B. A. salmonicida strains isolated from disease outbreaks in marine aquaculture. M= 461 




Table 1. Comparison of kcat, KM and catalytic efficiency for ALI-1 (values from current work), IMP-119 and VIM-2.23 The kinetic parameters 466 
for VIM-2 had standard deviations that always were <10%. NA=Results not available, NM=No activity measured, ND=Not determined 467 
 468 
 kcat (s-1) KM (µM) kcat/KM (1/µM*s) 
Substrate ALI-1 IMP-1 VIM-2 ALI-1 IMP-1 VIM-2 ALI-1 IMP-1 VIM-2 
Meropenem 13 ± 5 50 ± 5 5 142 ± 100 10 ± 2 2 0.094 0.12 2.5 
Imipenem 8.0 ± 0.6 46 ± 3 34 933 ± 70 39 ± 4 9 0.0085 1.2 3.8 
Ertapenem 4 ± 1 NA NA 73 ± 30 NA NA 0.054 NA NA 
Ertapenem 
(NaCl) 
4.3 ± 0.4 NA NA 17 ± 7 NA NA 0.25 NA NA 
Nitrocefin 6.3 ± 0.6 63 ± 10 770 6 ± 3 27 ± 3 18 1.0 2.3 43 
Cefuroxime 11 ± 3 8 ± 1 8 68 ± 30 37 ± 3 20 0.16 0.22 0.40 
Cefepime 0.581 ± 0.005 7.0 ± 0.5 >40 177 ± 14 11 ± 1 >400 0.0033 0.66 0.10 
Ceftazidime 0.09 ± 0.03 8 ± 1 3.6 37 ± 12 44 ± 3 72 0.0024 0.18 0.050 
Cefoxitin 0.27 ± 0.09 16 ± 1 15 79 ± 30 8 ± 1 13 0.0034 2 1.2 
Piperacillin NM ND 300 NM ND 125 - 0.72 2.4 
Aztreonam NM >0.01 <0.01 NM >1,000 >1000 - <0.0001 <0.00010 
 469 
